a b s t r a c t
Phonation into tubes is used for voice training and therapy. In the present study, the formant frequencies were estimated from measurements of the acoustic pressure and the acoustic input impedance for a plexiglass model of the vocal tract (VT) prolonged by a glass tube. Similar transfer function measurements were performed with a human VT in vivo. The experimental results matched the mathematical modelling and confirmed the legitimacy of assuming rigid walls in mathematical simulations of the acoustic characteristics of an artificial VT model prolonged by a tube. However, this study also proved a considerable influence from soft tissues in the yielding walls of human VT cavities on the first formant frequency, F 1 . The measured F 1 for the VT model corresponded to the computed value of 78 Hz. The experiments in a human instead resulted in a much higher value of F 1 : about 200 Hz. The results confirm that a VT model with yielding walls must be considered for mathematical modelling of the occluded or semi-occluded human vocal tract, e.g. prolonged by tubes or straws. This is explained by an acoustic-structural interaction of the vocal tract cavities with a mechanical low-frequency resonance of the soft tissue in the larynx.
& 2015 Elsevier Ltd. All rights reserved.
Introduction
The human voice plays an important role in society, serving as the major carrier for human speech interpersonal communication. Understanding the basic principles of voice production is important for better interpretation of clinical findings, detection of laryngeal cancers or other pathologies, and for treatment of voice disorders.
Phonation is a complex physiological process that involves several basic factors such as airflow coming from the lungs, vocal-fold vibration and acoustic resonances of the cavities of the vocal tract. The vocal folds, excited by the air flow, generate a primary laryngeal tone whose fundamental frequency corresponds to the vibration frequency of the vocal folds. In the airways above the vocal folds, i.e. in the vocal tract, the acoustic resonant phenomena modify the spectrum of the the acoustic volume velocity at the glottis) when the vocal tract was externally excited by using a random noise in vivo for the female subject and in vitro for a plexiglass model of the vocal tract, (3) measurement of the acoustic input impedance for the vocal tract model using a commercial instrument analysis system, and (4) comparison of the experimental results (from (1) to (3)) with the theoretical results obtained by applying a mathematical model of VT acoustics.
Methods

Investigation of human speech phonation into a tube
A female subject with no voice or hearing problems who had extensive experience in voice training and in using resonance tubes volunteered as a subject for the experiment. The subject was one of the authors (A-M L) and fully aware of the aims of the study and acquainted with the methodology applied. No other medical research methods were used except for the ordinary videoendoscopy used in phoniatric clinics. The investigation has thus been carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki).
The subject phonated the vowel [u] first without the tube and then into the resonance tube (made of glass, 26.4 cm in length, 6.8 mm in inner diameter, 10 mm in outer diameter) using a normal (neither breathy nor pressed) speaking voice at a comfortable pitch and loudness. The frequency spectrum of the signal was measured outside the tube using a sound-level metre (B&K type 2239, frequency range 8 Hz to 16 kHz). An acoustic analysis was done in Matlab by averaging the Fast Fourier Transform (FFT) frequency spectra computed by using a Hanning time window of 0.5 s with a 75 percent overlap. The resulting averaged (filtered) spectra were obtained by using frequency bands (windows) that were equal to the fundamental phonation frequency f 0 and shifting them by a frequency step Δf. The maxima of these "filtered spectra" can be considered formants.
Measurement of the transfer functions
Experimental setup
A transfer function of the vocal tract prolonged by a tube was measured using pressure signals recorded at two different positions. The acoustic pressure at the lips' position was measured by a special B&K 4182 microphone probe (range 1 Hz to 20 kHz), and the acoustic pressure at the open outlet of the tube was registered by a B&K 4138 miniature microphone (range 6.5 Hz to 140 kHz); see the schema in Fig. 1 . Signals were recorded by a PC-controlled B&K PULSE 10 measurement system using a 32.8 kHz sampling frequency. The acoustic system was excited by a white noise signal (range 0-6.4 kHz) using a loudspeaker (an MTC 5 1/4″, 4 Ω woofer) located outside. The glass resonance tube was connected to the vocal tract at the lips. There was no special impedance matching between the speaker and the tube.
The same measurement setup was used for both the subject and for a physical model of the vocal tract. For in vivo experiments, the subject kept her vocal folds tightly together, i.e. the glottis closed, while her vocal tract simulating phonation of the vowel [u:] was excited by the external loudspeaker. The subject was examined using a videoendoscopy system during phonation and when the glottis was closed without phonation (see Fig. 2 ): an Olympus videoendoscopy system that included a Xenon light source (Elvis Exera III, CLV 190, Olympus, Finland) and a fiberscope ENF-VH HD Distal chip fiberscope (ENF-VH, Olympus, Finland). The picture of the glottal closure while holding breath without phonation shows that the glottis was fully closed and the false vocal folds were somewhat adducted.
A vocal tract model used for in vitro measurement was made of plexiglass (see Fig. 3 ). Its geometrical configuration was based on a 3D volume model obtained from magnetic resonance images [15] for the vowel [u:]. This vowel was chosen because in previous investigations the subject used the articulation of [u:] during tube phonation. The channel of the VT model was variable in its height, whereas the width (thickness) was kept constant (see Figs. 3 and 4b) . The input of the VT model at the glottis end was closed with a rigid plexiglass plate. Rectangular cross-sectional areas of the plexiglass model from the glottis to the lips were set to be the same as in the study [15] , where it was shown that the difference between the first four resonance frequencies of the 1D and 3D mathematical models of the VT for the vowel [u:] is negligible (less than 2 percent). 
Processing and interpretation of experimental data from transfer function measurements
The data recorded both in vivo and in vitro experiments were processed using the following matrix equations in a frequency domain (see the derivation in Appendix A):
and
where p and U are the acoustic pressure and volume velocity respectively, T VT is a transfer matrix of the vocal tract, T TB is a transfer matrix of the tube, and the indices G, L, T respectively mean the position of glottis, lips and open tube end. The volume velocity is zero (U G ¼0) at the closed VT end at the glottis position, and thus we can eliminate U L from Eq. (1):
and putting Eq. (3) into Eq. (2) yields the transfer function for the pressure between the input and the end of the tube:
Generally, the transfer function U T /U G of the complete system (VT þtube) between the acoustic volume velocity at the glottis position and the tube end can be expressed as (see Eq. (A.13) in Appendix A):
This equation is valid regardless of the boundary conditions at the glottis when the radiation impedance Z T,RAD at the tube output, defined as the ratio of output pressure to output volume velocity, is omitted. Because the denominator in Eq. 
Again, when omitting the radiation impedance Z L,RAD at the lips, Eq. (6) is generally valid regardless of the boundary conditions at the glottis. Antiresonance frequencies (spectral dips) of the transfer function (4) then should be very close to the peaks of the transfer function (6) of the vocal tract without a tube. 
Measurement of the acoustic input impedance
Experimental setup
A measurement of the acoustic input impedance was only carried out on the plexiglass model of the vocal tract using the Brass Instrument Analysis System (BIAS 6) controlled by a PC. A layout of the measuring head of the system is shown in Fig. 4a . The input of the VT model at the position of vocal folds was fixed to the measuring head and sealed (see Fig. 4b ). The VT model was excited by a sweep pulse in the frequency range of 20-4000 Hz. The acoustic input impedance, Z IN , was then evaluated by the BIAS software, and the data that consisted of the frequency-dependent magnitude and phase of Z IN were recorded by a PC at the frequency step of 0.5 Hz.
Processing and interpretation of experimental data from input impedance measurements
The VT input impedance Z IN , calculated as the ratio of the input pressure to the input acoustic volume velocity, is given by the expression (see Eq. (A.17) in Appendix A):
where A, B, C, D are the components of the transfer matrix of the complete system (VT þtube) and Z T,RAD is the radiation impedance at the open end of the tube. The transfer matrix of the complete system relates the input variables with the output variables by the equation (see Eqs. (A.9) and (A.10) in Appendix A):
Let us consider the situation that the input is closed by a rigid wall (U G ¼0) and the output loaded by the impedance Z T,RAD . After substituting these boundary conditions, denoted as C-OZ RAD (closed input, open loaded output) in Eq. (8), it can easily be derived that the denominator of the input impedance in Expression (7) (8) indicates that the numerator of Eq. (7) is the same as the frequency equation of the system with the O-OZ RAD boundary conditions. It means that the spectral dips (antiresonances) of |Z IN (ω)| represent natural acoustic frequencies of the complete system with the boundary conditions O-OZ RAD . 
Input parameters of mathematical models
A vocal tract channel with yielding walls was modelled according to [9, 12] as a system of 43 cylindrical elements of 4 mm in length except for the first and last element, whose length was 2 mm, giving the total length of the present subject's vocal tract of 16.8 cm measured during previous experiments [17] . The following formant frequencies estimated from the acoustic recording of the vowel [u:] for the female subject (without a tube) were prescribed to the VT mathematical model: [17] ). Through a tuning procedure [14] carried out by changing the vocal tract shape, i.e. the area of the cylindrical cross-sections, the best-fitting vocal tract configuration was obtained. When connecting the tube to the vocal tract, the diameter of the last element of the VT model was increased to 10 mm (the outer diameter of the tube) and the penultimate element's diameter was recalculated as an average of the two of its neighbouring elements. The resulting model is shown in Fig. 5 .
A mathematical model of the vocal tract acoustics with rigid walls is described in Appendix A. Its length as well as the length of the plexiglass VT model was 18.9 cm. The tube was modelled as one element with rigid walls.
The following values of fluid density, dynamic air viscosity, and speed of sound were used as input for the models:
, c 0 ¼343 ms À 1 (considering the temperature in the laboratory) for the artificial VT and c 0 ¼353 ms À 1 for the human VT. Fig. 6 shows results from the acoustic analysis of samples recorded of our female subject phonating into the tube.
Results
Measurements compared to mathematical modelling of human phonation into the tube
Average FFT spectra were computed for f 0 ¼ 152 Hz, with a frequency step of Δf¼10 Hz. No formant frequency (maxima in the filtered spectrum) could be detected in the frequency range of 0-500 Hz. A peak at 28 Hz in the FFT spectrum may have been caused by a mechanical resonance of the yielding vocal tract walls. A transfer function was calculated from the glottis to the point inside the tube located 2 mm from its open outlet, both considering the radiation impedance Z T,RAD (thick line) and omitting Z T,RAD (thin line). The results can be seen in Fig. 7a . The results for the input impedance, obtained following the same constraints, are shown in Fig. 7b . The curves in Fig. 7b are nearly identical, suggesting that Z T,RAD had no effect on the magnitude of the input impedance.
The resonance frequencies obtained by mathematical modelling were F 1 ¼208 Hz, F 2 ¼602 Hz, F 3 ¼694 Hz, F 4 ¼1304 Hz, F 5 ¼1945 Hz, F 6 ¼ 2473 Hz, F 7 ¼2588 Hz and F 8 ¼3223 Hz. These values correspond well to the resonances measured (see thick lines in Figs. 6 and 7a), except for the first resonance frequency, F 1 , as mentioned above. If F 1 was really 208 Hz, it would suggest that phonation into the resonance tube is assisted by reactance of the vocal tract at fundamental frequencies generally used in speech (i.e. f 0 below 200 Hz). Fig. 7b shows the computed results for the input impedance of the human vocal tract. The three lowest resonances are clearly visible: F 1 ¼208 Hz, F 2 ¼602 Hz and F 3 ¼694 Hz; however, the resonances F 4 , F 5 , F 7 and F 8 are not identifiable in Fig. 8 . The resonances F 4 and F 5 are associated with the acoustic mode shapes in which the dominant vibration amplitudes are inside the resonance tube, and the pressure at the glottis is very small: i.e. the input impedance in Fig. 7b does not have clear resonance peaks at the frequencies of F 4 and F 5. In contrast, the resonance F 6 is clearly visible in the computed input impedance in Fig. 7b because the associated acoustic mode has a high amplitude at the glottis; see Fig. 8 .
Measurements compared to mathematical modelling of the human and artificial vocal tracts prolonged by the tube and excited by the loudspeaker
The transfer function |p L (ω)/p T (ω)| measured in vivo for the human vocal tract prolonged by the tube is shown in Fig. 9 . The first resonance frequency can be identified at about F 1 ffi 190 Hz. However, due to a strong damping effect of the soft tissues, no sharp peak appears in the spectrum. Most likely, this is also the reason why there are no recognizable 
, approximately correspond to the formant frequencies obtained from human phonation (see Fig. 6 ), even though the glottis was permanently closed during the external excitation from the loudspeaker. A steep increase of the transfer function near the zero frequency can be caused by a more prominent acoustic structural interaction of the vocal tract with vibrating yielding walls.
The measured and the computed magnitudes of the transfer function |p L (ω)/p T (ω)| for the artificial VT model prolonged by the tube can be seen in Fig. 10 . The computation was performed according to Eq. (4) assuming hard walls of the vocal tract. First resonance peaks occur at frequencies 73 Hz and 78 Hz for the measured and computed results, respectively. The first two antiresonances, which according to Eq. (6) are the resonance frequencies of the vocal tract alone (without a tube), can be well recognized in the spectra at about 400-500 Hz and 900-1000 Hz. Fig. 11 shows the measured and the computed magnitudes of the acoustic input impedance for the artificial VT model prolonged by the tube. The computation was performed according to Eq. (7), assuming hard walls of the vocal tract. The radiation impedance, Z T,RAD , at the tube output was omitted in this mathematical model. The first resonance peak obtained from the measurement occurs at the frequency of F 1 ¼99 Hz, whereas the computed value F 1 ¼78 Hz is equal to the first resonance frequency of the computed transfer function (see Fig. 10 ), as expected by comparing Eqs. (4) and (7). Tables 1 and 2 summarize the measured and computed resonance frequencies and their relative differences both for the transfer function and the input impedance of the artificial VT. Similarly, Table 3 compares the measured and computed acoustic resonance frequencies obtained for the human vocal tract. The values marked by "x" could not be identified in the measurements of the human VT. Table 4 
Summary of the results
Discussion
Discussion of the results
The first six acoustic resonance frequencies resulting from the computed transfer function |p L (ω)/p T (ω)| for the artificial VT differed only slightly from the measured results (see Fig. 10 and Table 1 ). The maximum relative difference was 6.8 percent for the first resonance (formant), F 1 . A relatively large difference of 21.2 percent in F 1 between the measured and computed input acoustic impedance Z IN (Fig. 11 and Table 2 ) was probably caused by porosity of a microphone and capillary tubes of the measuring head (see Fig. 4 ), contrary to the rigid wall boundary condition (U G ¼0) applied to the mathematical model. The first resonance frequency, F 1 , for the artificial VT model with hard walls was found to be between 73 and 99 Hz, which is much lower than the frequency F 1 ffi 190-208 Hz resulting from measurements of transfer functions for the human vocal tract and confirmed by computations (see Figs. 7, 9 and Table 3 ). Fig. 2 shows that the size of the epilaryngeal tube of the subject was approximately 50 percent smaller when holding the breath without phonation than during phonation. The effect of such a change on F 1 can be estimated to be only about 3-4 percent, based on the results of Titze and Story [11] , who calculated that F 1 was about 10 percent higher when the cross-sectional area of the laryngeal tube was six times smaller.
The second resonance frequency F 2 for the artificial VT model with hard walls was found to be between 5and 560 Hz, and the agreement between the measured and computed resonance was very good, i.e. less than 1.6 percent (see Tables 1 and 2 ). The measured formant frequency F 2 for the human vocal tract was found to be higher, i.e. between 630 and 680 Hz (see Figs. 6 and 9 and Table 3 ). We should note that the artificial VT was 2.1 cm longer than the model of the human VT. It means that the relative difference in the total length (VT þtube) of these models was about 5 percent. Therefore, we can expect that resonance frequencies of the artificial VT are approximately 5 percent lower than resonances of the human VT. Moreover, the geometry (area function) of the two models was not exactly the same, which could also cause shifts of formant frequencies. Yet, another factor affecting the results was the difference in the speed of sound, which was 343 m/s for the temperature in the laboratory and 353 m/s in the human VT. The higher speed of sound increases resonances of the human VT by 2.9 percent.
The two close resonance frequencies between 500 and 1000 Hz, F 2 and F 3 , were clearly distinguishable in the results of physical and mathematical modelling (see Figs. 7, 10 and 11). In contrast, they were not identified as two peaks in the measured characteristics of the human vocal tract (see Figs. 6 and 9 ). This discrepancy between the results from modelling and those obtained from the human may stem in the fact that the frequency resolution of the mathematical models was quite high, given by the frequency step of 1 Hz. Another reason could be a higher damping of the acoustic modes in the human vocal tract due to the interaction of acoustic waves with soft tissues of the VT walls. Table 3 Formant frequencies (Hz) obtained from the acoustic spectra of phonation into the resonance tube and from the measured and computed transfer functions (TF) of the human vocal tract prolonged by the tube (x: unidentified values).
Human VT: phonation A potential error in the input impedance introduced by omitting the radiation impedance Z T,RAD at the tube output is insignificant. This is demonstrated in Fig. 7b , where there is practically no difference between the curves for Z T,RAD 40 and Z T,RAD ¼0. Even though the transfer function is affected by the omission of Z T,RAD , the effect mainly concerns the level of the curve, and just minor shifts in the resonance frequencies can be detected (see Fig. 7a ).
The comparison between Figs. 10 and 11 shows that the first three clearly visible resonance frequencies of the artificial vocal tract that resulted from the measured and computed transfer functions fit well with the corresponding resonances that were detectable in the input impedances. However, the higher peaks in the computed Z IN spectrum above 1900 Hz in Fig. 11 were suppressed in the computed transfer function curve by adjacent antiresonances around 2000 Hz and 2800 Hz; see the dashed line in Fig. 10 .
Similarly, resonances around 1100 Hz and 1700 Hz that can be seen in Fig. 10 practically vanished in the Z IN spectrum (see Fig. 11 ) as a result of very tightly adjacent antiresonances. These antiresonances that are around 275 Hz, 574 Hz, 1008 Hz (cf. Fig. 11 ), 1141 Hz, 1730 Hz, 2326 Hz and 2348 Hz could be computed exactly from the frequency equation given by the numerator of Eq. (7), which is equal to zero as explained in Section 2.3.2. These values represent natural frequencies of the system (VT þtube) when the glottis is not closed (p G ¼0).
We should note that the frequency range studied here (0-3.5 kHz) fits the domain of validity of 1D mathematical model of the VT for the vowel [u:]. As the maximum width of the mouth cavity was 62 mm for the artificial VT, and the maximum diameter of the mathematical model of the human VT was 41 mm, it can be calculated that the first transversal acoustic mode could exist above 2.77-2.85 kHz.
Since the estimated formant bandwidths B 2 , B 4 , and B 5 for the formant frequencies F 2 to F 5 are practically the same for the VT model and for the human VT (the difference is less than 10 percent: see Table 4 ), it can be concluded that the compliance of the human walls for higher formant frequencies does not influence the acoustic damping of the human VT cavity prolonged by the tube. The values of the measured bandwidths appear to be narrower than the values found in the literature for ordinary phonation without a tube: e.g. see [18] . An explanation can be found in the different methods of measurement. Here we used the transfer function measured between the lips and the open tube end, whereas the spectrum envelope is usually used as it is described, e.g. in [18] . We should also note that the glass tube used in this study has less damping than the human vocal tract itself and, depending on the acoustic mode shape, it can influence the resulting damping of the coupled system (VTþtube).
The computed results shown in Fig. 12 suggest that, for phonation with a resonance tube in the air, F 1 does not go lower than roughly 200 Hz. Thus, it would offer the beneficial effect of increased reactance below this level, i.e. at the fundamental frequencies typically found in speech. To optimize the effect of vocal tract reactance on phonation, males would probably need to use longer or narrower tubes, as suggested by the Story's results [9] . When the tube is long or narrow enough, the effective mechanism eventually changes from acoustic reactance to the magnitude of flow resistance.
Physical background for the influence of yielding walls on the acoustic resonances of the human vocal tract
Following our previous studies of acoustic structural interaction (see, for example, [19, 20] ), we can explain the influence of yielding walls in the vocal tract cavity on the acoustic frequencies by using a simplified model of a coupled mechanicalacoustical system. Similarly, Rabiner and Schaffer [21] considered the effect of yielding walls on acoustical resonances in a simple cylindrical cavity (compliant shell) simulating the vocal tract. However, they did not include the mechanical resonance of the structure in their model.
Let us consider the coupled system shown in Fig. 13 , consisting of a simplified vocal tract cavity (1) and a tube (2) with cross-section areas S 1 and S 2 and lengths L 1 , L 2 . The glottis is closed by a yielding wall having a mass M and vibrating with a displacement w(t) on a spring of stiffness K. The resonance frequencies of such a coupled system are given in the solution of 
where k ¼ω/c 0 is the wavenumber, ω is the angular frequency and ω 0 ¼ ffiffiffiffiffiffiffiffiffiffi ffi K=M p is the eigenfrequency of the mechanical system.
The numerical solution of the frequency Eq. (9) was found for the parameters ρ 0 ¼1.2 kgm
, S 2 ¼0.36 cm 2 in correspondence with the parameters used above for the acoustical system. The mechanical resonance frequency was kept constant at 15 Hz as in [12] , ω 0 ¼2π Á 15. The resulting first three natural frequencies are shown in Fig. 14 for the mass M varying from 0 to 3 g. The results are in agreement with a general analysis of the solution of Eq. (9) presented in Appendix B for two extreme cases in which the mass M goes to zero or to infinity. The lowest natural frequency F struct corresponds to the mechanical resonance ω 0 and varies from F struct -0 Hz for M-0 to F struct -15 Hz for M ffi 3 g. The second natural frequency of the coupled system corresponds to the first acoustic resonance F 1 , which is strongly influenced by coupling with the vibrating wall when the mass M decreases below about two grams. The higher acoustic resonance F 2 is influenced by the vibrating wall in a much smaller range of the mass M¼ 0-0.2 g. Similarly, a small influence of the yielding wall on the second acoustic resonance, F 2 , was found by Hanna et al. [22] .
The acoustic resonances of the system for M-0 are equal to frequencies F 1 ¼507 Hz and Tables 1 and 2 .
Titze et al. [23] presented an empirical relation for the vibrational thickness of a female vocal fold as T VF ¼ 10:63 mm 1 þ1:69 ðf 0 =190 HzÞ ;
which results in T VF ¼4.2 mm for speaking frequency range f 0 ¼150-160 Hz of our subject. Larsson and Hertegård [24] measured the length and width of the vocal folds at the speaking fundamental frequency for mezzo-soprano as L VF ¼8.4-11.3 mm and W VF ¼3.4-4.6 mm. Considering the simplicity of the triangular shape of female vocal folds [25] and density of the tissue ρ VF ¼1020 kgm À 3 , we can calculate that the vocal folds' mass M ffi 0.2 g. Following the solid line in Fig. 14 , we find that the first acoustical resonance frequency corresponding to 0.2 g is F 1 ¼206 Hz. This value corresponds to F 1 ¼190-208 Hz found for the human VT; see Table 3 . Similarly, the second acoustical resonance frequency F 2 ¼665 Hz corresponds to the F 2 measured in humans; see Table 3 , in which F 2 ¼630-680 Hz. We can conclude that the substantial difference in F 1 caused by the inclusion of soft walls in the vocal tract model is in principle given by the acoustic-structural interaction of the acoustic cavity, semiocluded by the tube, with the yielding wall that can, for example, be created by the soft tissue in the larynx. 
Conclusions
The in vitro experiments confirmed the legitimacy of assuming rigid walls in mathematical modelling of the acoustical resonance properties of the artificial models of a human VT with hard walls. However, similar in vivo experiments carried out in a real human VT showed a substantial difference between the first resonance (formant) frequency F 1 of the rigid wall VT model and the F 1 of real human VT acoustic cavities covered by soft tissues. The differences between the human data and the data from the rigid-wall VT model were negligible in the case of higher formants. The results of the present study confirmed the approach of Story et al. [9] by showing that a VT model with yielding walls is necessary when considering mathematical modelling of human vocal tracts prolonged by tubes. Finally, it was shown that the physical background for the system behaviour is in principle given by the acoustic-structural interaction of the semi-occluded vocal tract with a dynamical system originating from a low-frequency mechanical resonance of soft tissue at the glottis, for example the vocal fold tissue in the larynx.
The coefficient ξ 0 is defined by the input (R IN ) and output (R OUT ) radii of the element
and the frequency-dependent viscous losses were considered as
where μ is the dynamic air viscosity.
The acoustic properties of the vocal tract can be described in matrix form as
where T VT is a transfer matrix obtained by multiplying transfer matrices of all elements from the vocal folds to lips .8) and N is the number of conical elements. The transfer matrix of the tube assumed to be one cylindrical element with rigid walls is given by Eq. (A.3) when ξ 0 -1. The complete system (VT þtube) is described by the transfer matrix T given by the multiplication of transfer matrices of the VT and the tube:
The matrix T describes the relationship between the variables at the glottis and the open tube end:
The output pressure at the open tube end can be written as the output volume velocity by introducing the radiation impedance (see [7] , for example):
Putting Eq. (A.11) into Eq. (A.10), eliminating p G and taking into account the known property of the transfer matrices (see e.g. [26] ), i.e.
yields the expression for the transfer function of the complete system,
or a more frequently used transfer function:
Similarly, considering the vocal tract without a tube and loaded by the radiation impedance at the lips,
yields the expression for the transfer function of the vocal tract
To derive the acoustic input impedance, let us insert again Eq. (A.11) into Eq. (A.10). After eliminating U T , we can express the ratio of the input pressure to input acoustic volume velocity as
If the vocal folds were open during the measurement of the transfer function in vivo, the pressure at the glottis would be approximately zero (p G ¼0). Then we can eliminate U L from Eq. (1), We assumed the output loaded by the acoustic radiation impedance of a vibrating circular plate with a radius, R, placed in an infinite wall (see e.g. [14] ) to be .20) where J 1 is the Bessel function of the first kind of order 1 and H 1 is the Struve function of order 1.
Appendix B. A mathematical model of acoustic-structural interaction
Considering the coupled mechanical-acoustical system shown in Fig. 13 where w is the translation of the mass, € w denotes the second derivative of w with respect to time t and F is the force loading the mass by the pressure in the vocal tract: 
